Abstract: Epsilon-near-zero materials provide a new path for tailoring light-matter interactions at the nanoscale. In this paper, we analyze a compact electroabsorption modulator based on epsilon-near-zero confinement in transparent conducting oxide films. The nonresonant modulator operates through field-effect carrier density tuning. We compare the performance of modulators composed of two different conducting oxides, namely, indium oxide (In 2 O 3 ) and cadmium oxide (CdO), and show that better modulation performance is achieved when using high-mobility (i.e., low loss) epsilon-near-zero materials such as CdO. In particular, we show that nonresonant electroabsorption modulators with submicron lengths and greater than 5 dB extinction ratios may be achieved through the proper selection of high-mobility transparent conducting oxides, opening a path for device miniaturization and increased modulation depth.
Introduction
Since optical modulators are essential components of silicon photonic integrated circuits, many investigations have dealt with providing high-speed modulators [1] , [2] . The conventional MachZehnder modulators based on carrier depletion provide fast and broadband modulation, but usually require high voltages and/or long active region lengths due to the weak plasma dispersion effect in silicon. Therefore, highly-resonant structures have been proposed as an alternative path to reducing power dissipation and increasing integration density [2] - [4] . To date, the drawbacks of resonant modulators (e.g., precise active temperature control and narrowband wavelength acceptance) have prevented their widespread adoption.
To avoid these drawbacks, another approach to realizing broadband, compact, energy-efficient modulators is the development of new device concepts that leverage enhanced light-matter interaction at the nanoscale. Plasmonic effects [5] and epsilon-near-zero (ENZ) confinement [6] , [7] may provide a path to broadband nanophotonic modulators for next-generation WDM-compatible integrated photonic circuits. Natural and artificial ENZ materials have been proposed for a variety of applications including cloaking devices [8] , optical switches [9] , [10] and nanocircuits [11] , femtosecond polarization switching [12] , highly directional radiators [13] - [16] , and for applications requiring optical nonlinearities [17] - [20] and strong light-matter coupling [21] - [23] . Highly compact, multi-gigabit-class modulators have been demonstrated on silicon photonic platforms using ENZ effects in graphene [24] and plasmonic confinement in organic electro-optic polymers [25] . While extremely promising, these modulators rely on relatively immature or unstable materials, thereby posing fabrication and reliability challenges.
In this paper, we report ENZ modulators based on gate-tunable charge carrier density modulation in stable, inorganic transparent conducting oxide (TCO) films. Recent studies have highlighted the concept of ENZ modulators based on indium tin oxide (ITO) layers [26] - [30] . The devices have experimentally been shown to out-perform traditional semiconductor devices for near-infrared wavelengths in terms of footprint, but to date have only demonstrated MHz modulation speeds [26] - [30] . We have recently achieved GHz modulation speeds [31] using devices based on indium oxide (In 2 O 3 ). We study here the impact of mobility in ENZ electroabsorption modulators through finitedifferent time-domain (FDTD) simulations with two different transparent conducting oxides: In 2 O 3 and cadmium oxide (CdO), the latter having a significantly higher mobility around 300 cm 2 /(Vs) (see [32] ), about an order of magnitude larger than In 2 O 3 [33] , which leads to a decrease of the imaginary part of the permittivity at the ENZ wavelength of about 5.7 times. Modulators containing CdO show improved performance through a reduction in loss in the off-state and increased absorption in the on-state, enabling sub-micron lengths with greater than 5 dB extinction ratios.
Epsilon-Near-Zero Electroabsorption Modulators
The ENZ modulator is integrated directly with a passive silicon ridge waveguide with 290 nm height and 400 nm width on a silicon-on-insulator wafer. The structure, shown both in 3D view and in cross-section in Fig. 1 , comprises several thin layers that create a MOS-like structure above the waveguide. These layers include a doped silicon layer as a lower contact, a high-k gate dielectric (5 nm hafnia, HfO 2 ), a 10 nm transparent conductor (either In 2 O 3 or CdO) film acting as the gate-tunable ENZ layer, and a 200 nm Au metal gate contact. Table 1 in (1). The grey line is a guide to the eye for the zero crossing.
The TCO layer is chosen such that in the unbiased condition it has a relatively low static carrier density, approximately 10 19 cm −3 , to position its plasma frequency in the mid-infrared. When an appropriate voltage bias is applied to the gate contact, a 1 nm-thick accumulation region is formed in the TCO layer near the gate dielectric interface (see Fig. 1(b) ) [34] . This accumulation layer has an electron density on the order of 10 21 cm −3 which significantly alters its dielectric permittivity and causes it to reach the ENZ point in the near-infrared. The permittivities used for In 2 O 3 and CdO are described using a Drude model
with ε ∞ the high-frequency permittivity, ω p the plasma angular frequency, and γ the damping rate. The monochromatic time harmonic convention, exp(−i ωt), is used here and throughout the paper, and is suppressed hereafter. For In 2 O 3 [31] and CdO [32] , we use the values in Table 1 that are consistent with experimentally achievable permittivities for unbiased and biased conditions. This is a valid model also in the thin film regime [12] . The permittivities achieved using the parameters in Table 1 in (1) are reported in Fig. 2 . The In 2 O 3 unbiased permittivity has an ENZ crossing at 8.8 μm and behaves as a dielectric at 1.55 μm (the operating wavelength of interest). The CdO unbiased permittivity has an ENZ crossing at 3.6 μm and behaves as a dielectric at 1.55 μm. Under bias, the ENZ crossings of both films blueshift to 1.55 μm. One can further notice that in the biased condition CdO exhibits less loss (Im(ε CdO ) = 0.15 at 1.55 μm) compared to In 2 O 3 (Im(ε In 2 O 3 ) = 0.85 at 1.55 μm). 
Performance of the ENZ Modulators with Two TCO Materials
While the optical field profile outside the modulator exists as a standard transverse-electric (TE) or transverse-magnetic (TM) waveguide mode, when it enters the modulator section the supported modes change dramatically. The gate contact metal excites a hybrid plasmonic/photonic mode whether or not the accumulation layer is present. The hybrid mode resides largely in the thin TCO and gate dielectric layers rather than the high-index semiconductor, and is lossy due to its plasmonic nature. As the permittivity of the TCO accumulation layer is reduced, modal confinement in this layer is strongly enhanced. Hence, the impact of applying a negative bias to the gate electrode is to both increase optical confinement, and to induce higher optical losses due to free carrier absorption. It was suggested in [34] that modulation of 1 dB/μm can be achieved, depending on carrier density and modeling assumptions. We aim to show that using proper high-mobility materials, a 1 μm long modulator can achieve greater than 5 dB of broadband extinction.
We calculate the electric field profile in the modulator under TM mode excitation (dominant field component along the y direction) into the Si waveguide using FDTD simulations. We have performed both 2D and 3D FDTD full-wave simulations, which have led to similar results. We show here the results from 2D full-wave simulations. The field distributions shown in Fig. 3(a) and (c) correspond to the cases when the ENZ layer is unbiased ('off') and biased ('on') into accumulation, respectively. In the unbiased cases, the two modulators show similar field distributions. In the biased cases, for both In 2 O 3 and CdO layers, a large electric field is present within the 1 nm-thick ENZ accumulation layer: at 1.55 μm, the peak value of this field is 11.5 V/m for In 2 O 3 and 38.6 V/m for CdO inside the 5 μm long modulator. The larger field enhancement in CdO is due to the lower losses of this material, as shown in previous investigations dealing with ENZ materials [7] , [35] . We also note that in the case of the CdO layer in Fig. 3(b) , nearly all of the field is confined in the accumulation layer rather than the oxides or Si core (as also evidenced by the mode profiles in Fig. 3(b) and (d)) .
Electrically, the ENZ modulator acts as a small capacitor whose leakage current increases with bias voltage. The 5 nm HfO 2 films yields a uniform gate dielectric with a relatively high breakdown field (∼6 MV/cm). Fig. 4 shows the relative performance for two 5 μm-long modulators using In 2 O 3 (black curves) and CdO (red curves) for a 1.55 μm wavelength, illustrating significantly larger absorption with high mobility CdO. In particular, in the 2D simulation, we calculate the power integrated in the y direction propagating along the x direction. Notably, the increased absorption in CdO is present only in the biased state. We stress that we achieve 25 dB modulation when using a 5 μm long CdO modulator, showing that we could potentially achieve 5 dB modulation with a 1 μm long CdO modulator, thus enabling sub-micrometer devices. We have also simulated devices with smaller modulator lengths (not shown) and observed that the modulator performance as in Fig. 4 is unchanged.
The larger modulation ratio achieved with CdO can be explained by the residual absorption in the 1 nm-thick accumulation layer. We compute the per-length absorption in the TCO layer, which is proportional to
In the 2D simulation, we integrate (2) in the surface in the x-y plane, and the per-length absorption is reported in Fig. 5(a) for the unbiased state and in Fig. 5(b) for the biased state using In 2 O 3 and CdO. One can notice from Fig. 5 that CdO absorbs less light in the unbiased state, due to lower imaginary parts, as both modulators have similar field profiles as shown in Fig. 3(a) . However, in the biased state, CdO absorbs more light. This may be counterintuitive as CdO exhibits a lower imaginary part than In 2 O 3 ; however, as shown in (2), absorption is also dependent on the field enhancement in the structure, and CdO exhibits a larger field enhancement as shown in Fig. 3(c) . This analysis confirms the larger modulation depth for the CdO modulator observed in Fig. 4 .
Furthermore, from Fig. 5 one can see that while the functionality of the In 2 O 3 modulator is rather uniform with wavelength in the range between 1.5 μm and 1.6 μm, the CdO modulator has its best modulation point at 1.55 μm. To better highlight this feature, we report in Fig. 6 the modulation depth of the two devices versus wavelength. One can see that while the response of the In 2 O 3 device is rather flat with a modulation depth of approximately 11 dB, the response of the CdO device is dependent on the wavelength of operation, in agreement with what shown in Fig. 5 , with peak of modulation depth of 25 dB at 1.55 μm and rapid decrease to 8 dB at 1.5 μm and 11 dB at 1.6 μm. This narrow band property arises due to the high mobility (and thus lower losses) exhibited by CdO and its particularly strong confinement near the ENZ point. While the response is not as flat as the In 2 O 3 device, extinction ratios larger than 20 dB (or equivalently, larger than 4 dB/μm) are observed for a 35 nm bandwidth in the CdO device.
Conclusion
In conclusion, we have investigated the performance of modulators composed of two different materials, namely indium oxide and cadmium oxide, and showed that larger modulation performance is achieved when using CdO. This is because CdO exhibits higher mobility (i.e. lower loss) than In 2 O 3 and as such leads to stronger fields at the epsilon-near-zero wavelength. This analysis opens up new directions for the design of electroabsorption modulators as high mobility materials are foreseen to improve confinement losses and increase overall nanophotonic modulator performance. In particular, we foresee more than 5 dB modulation in sub-micrometer long modulators, opening a path for device miniaturization and increased modulation depth. Based on previous investigations [31] , we expect the modulation speed to be in the Giga-bit rate range.
